Experimental studies of rare species are the most effective way to create management strategies to conserve species and prevent further decline and extinction.
We conducted habitat surveys, germination, and population genetic surveys to inform management priorities for Phacelia cookei Constance & Heckard (Boraginaceae) , a diminutive annual herb only found within a three-mile radius near Mt. Shasta, California, and it is rare within that geographical range. Habitat surveys included a rapid vegetation assessment, soil samples, and assessment of ground cover. We found no significant differences among site category in soil types. An associated species list was created, and the most closely associated species was Nama densa A. Gray, which was found at four sites where P. cookei was present. We tested the effects of afterripening, scarification, stratification, and variable germination temperatures on breaking seed dormancy. Seed vii viability by tetrazolium tests ranged between 89% and 93%, but the highest germination from any treatment combination was 38.9% after adjusting for seed viability. We resolved 19 putative allozyme loci, only two of which were polymorphic. This species had low genetic diversity within and among the three large sampled populations when compared to other endemic species with similar mating systems, and this may ultimately be an important challenge for maintaining viable populations of the species.
Management plans should consider additional studies to explore the feasibility of restoring populations in suitable locations by sowing seeds collected from existing populations is suitable habitat.
INTRODUCTION
Rare plants are an important component of biologically diverse ecosystems. Rare species can be widespread but infrequent throughout their distribution or have a very narrow geographical range with varying abundance; the latter are considered an endemic species. Narrow endemism often appears to be the result of adaptation to environments that are geographically restricted (Mason 1946) . Endemic species with few individuals and/or populations are often especially susceptible to extinction due to their low numbers as well as their habitat specificity. Biodiversity hotspots are areas that have high concentrations of endemic species that are experiencing habitat loss .
The California Floristic Providence is considered a biodiversity hotspot, containing 0.07% of the world's endemic plant species . Global biodiversity is currently in a state of decline with multiple threats working synergistically to cause extinction (Brook et al. 2008) . Habitat loss, invasion of non-native species, pollution, disease, overexploitation and climate change, individually or in combination, are the biggest threats to biodiversity (Wilcove et al. 1998; Higgins et al. 1999; Van Vurren et al. 2006 ). Conservation measures often need to address multiple threats to rare species to prevent extinction (Brook et al. 2008) .
Interactions between plants in a community, biotic factors, and abiotic stress can be important in determining community structure and species survival (Pugnaire and Luque 2001; Reynolds et al. 2003; Callaway and Walker 1997) . A coarse-scale environmental component that can limit plant distribution is soil; edaphic endemism is a term commonly used to describe plants with limited distribution due to specific soil requirements (Mason 1946 ) and is well documented in several rare species (Kruckeberg 1954; Fiedler 1985; Cowling et al. 1994) . Conservation programs, for example, have used disturbance methods such as fire or soil disturbance to manage rare species (Preston and Whitehouse 1986; Hobbs and Huenneke 1992; Pendergrass et al. 1999) . Studies have generally shown intermediate levels of disturbance yield greatest species diversity, and diverse plant communities are more likely to support rare species (Grime 1973; Connell 1978; . When evaluating a single species it is important to consider its response to the timing and type of disturbance in order to discourage establishment of non-native species, which can potentially out-compete and displace native and or rare species (Hobbs and Huennke 1992; McIntyre and Lavorel 1994; Wilcove et al. 1998; Huston 2004 ).
Identifying appropriate germination cues, such as cold stratification, scarification, afterripening, and specific temperature cycles can determine the feasibility of reintroduction of seeds from rare plants into uncolonized habitats in the field (Cochrane et al. 2002) . Germination cues thus identified could be used to predict germination time in the field based on local weather patterns. Germination rates are usually lower in small populations (Menges 1991; Keller and Waller 2002; Kochankova and Mandak 2009 ). Menges (1991) , for example, found a correlation between population size and germination rate in the recently fragmented prairie species Silene regia (Menges 1991) .
Populations with more than 150 individuals had consistent germination rates greater than 85%. Populations with fewer than 150 individuals had variable germination rates within and between populations, possibly due to recent fragmentation and/or inbreeding depression. Small endemic populations may have difficulty increasing population size or simply persisting due to decreased germination rates; so understanding their germination requirements could inform management and prevent extinction.
Understanding the genetic structure of a population can also inform management decisions to enhance genetic variability and survival (Ellstrand and Elam 1993; Alsos et al. 2002; Dolan et al. 2004) . Population genetic studies can determine the degree to which populations are genetically distinct. This can have important implications for managing narrow species. For example, the introduction of seed without careful consideration of population genetic structure and fitness can result in harmful changes to populations (Millar and Libby 1989) . Experimental introduction of plants from multiple seed stocks could increase the success of re-establishment via heterosis and increased genetic diversity (Barrett and Kohn 1991) . However, such practices risk disrupting locally adapted gene combinations (Antonovics 1976; Simberloff, 1988; Barrett and Kohn 1991) .
Re-establishing populations from mixed seed sources will decrease population differentiation, but successfully re-established populations with long-term survival will likely differentiate again over time (Barrett and Kohn 1991) . Godt et al. (1996) recommend introducing seeds from ecologically similar, but genetically diverse populations to maintain environmental adaptations and increase genetic diversity within the populations. Conservation plans that are approached experimentally increase our knowledge of population biology, and can inform specific goals of future conservation plans (Barrett and Kohn 1991 (Sawyer and Keeler-Wolfe 1995; Barbour et al. 2007 ).
Populations of P. cookei appear to be isolated due to restricted seed dispersal and scarcity of appropriate habitats. Approximately half of seed dispersal is by gravity, and the other half occurs when the plants dry and detach from their roots, after which they tumble short distances in the wind (Horner-Till 1982) . We identified four spatially distinct populations: Populations 1 (UTME 0566220, UTMN 4600778) and 4 (UTME 0567069, UTMN 4598387) were separated by approximately 2.4 km, and populations 6 and7 (UTME 0562769, UTMN 4598057) were approximately 5.3 km from population 1.
Population numbers are consistent with the numbers assigned in the habitat survey (see Table 1 ). Surveyed sites were locations in which the plant was known to occur historically based on previous surveys conducted by Edwards and Schierenbeck, potential habitat, or sites near volcanic rock pits (Table 1) . Potential habitat was determined haphazardly based on perceived similarity to historical sites. These locations were within the geographical range for P. cookei and had two or more of the following characteristics: a high level of disturbance as evidenced by tire tracks, low percent canopy cover, low amounts of competing vegetation and/or litter, and/or sand substrate. Volcanic rock pits were included as potential habitat because P. cookei is closely associated with dirt road margins that are maintained with a layer of volcanic rock. Seed could have been distributed in the volcanic road-bed material or it could be critical to habitat soil properties. The volcanic rock pits are located near the P. cookei sites and produce rocks very similar to that found in the roadbed.
A soil sample was collected from the approximate center of each survey site for analysis to determine whether soil texture and nutrient content limit colonization into new habitat. Soil was air-dried and passed through a 2 mm sieve to remove gravels. Cations were extracted using pH 7.0 ammonium acetate (Thomas 1984) , with quantification of Ca, Mg, Na, and K by atomic adsorption/emission spectroscopy and data converted to meq/100g. Extractable cations are a robust measurement of potentially available forms (Thomas 1984 
Germination Methods
We conducted two germination experiments to identify germination cues that would produce the highest germination rates, information that could then be used to estimate germination windows in the field and determine the feasibility of ex situ propagation. The purpose of the first germination experiment was to determine if acid scarification alone or in combination with five weeks of cold stratification, and two different temperature cycles would produce the highest percent germination. The purpose of the second germination experiment was to determine the combination of afterripening, cold stratification, and germination temperature treatments that produced the highest percent germination.
Collection and Seed Separation. Twenty-five dried plants were collected from each of the three populations 1, 4, and 6 and 7 on August 9, 2008. Seeds were separated from dried plant material and stored in labeled coin envelopes by parent plant at room temperature for three months.
Viability Testing. Four samples of fifty seeds from each population were tested for viability using the 1% 2,3,5-triphenyl tetrazolium method (Lakon 1949) . A 1% tetrazolium solution was prepared, and seeds were pierced and soaked in the solution overnight in the dark. Seeds were considered viable if embryos stained dark pink. Mean viability for each population to adjust the percent germination in germination experiments 1 and 2, so that percent germination values reflect the proportion of viable seed that germinated.
Germination Experiment 1. The seeds from three different populations were subjected to 14 different treatment combinations in a factorial design including acid scarification (5, 10, or 15 min), moist cold stratification (present or absent), and temperature during germination (cycling 5˚C in the dark for 12 hr. followed by 25˚C or 30˚C in the light; Following scarification or stratification treatments the seeds were placed on moist filter paper in 9 cm diameter Petri dishes and incubated for four weeks at one of two fluctuating temperature regimes following Horner-Till (1982) . In one group, seeds were held for 12 hours each day at 5˚C then temperature was increased to 25˚C for the reminder of each 24-hour period. The second group was held 12 hours each day at 5˚C then the temperature was increased to 30˚C for the remainder of the 24-hour period.
We compared percentage germination among populations and treatments using Kruskal-Wallis tests.
Germination Experiment 2.
A second germination experiment was used to test the effects of two after-ripening treatments in conjunction with cold moist stratification on germination. Twelve different treatment combinations were applied to the seeds (Table   3 ). Treatments were chosen using the Horner-Till thesis (1982) and the germination decision tree (Meyer 2006) . Seeds were placed on 12 separate 50 mm Petri dishes per plates. The number of seeds in each dish varied between 1-10 seeds depending on the number available per plant. All seeds from a single plant assigned to receive the 40˚C treatment were combined into a single sealed vial to prevent loss of seed moisture, after which they were separated into Petri plates for cold stratification.
The criteria for germination was the protrusion of the radicle, which was visible to the naked eye. The percentage germination was compared among populations using a Nei (1973 Nei ( , 1978 . The effective number of alleles was calculated following Hartl and Clark (1989 Nama densa A. Gray was the most closely associated species with P. cookei, because it was found at all four of the sites that had P. cookei present (Table 4) . Sites classified as potential habit, historical occurrence (without P. cookei), and volcanic rock pit did not
have Nama densum present.
Other species commonly associated with P. cookei were Bromus tectorum L., Gayophytum sp., Erigeron fillifolius Nutt., and Gutierrezia microphala (DC.) A. Gray, which were found at three of the four sites that had P. cookei present. Achnatherum occidentale (Thurber) Barkworth , Agrostis idahoensis Nash, Artemisia tridentate Nutt.,
Chenopodium atroviens Rydb., Chenopodium botry L., Chysothamnus nauseosus (Pallas) Chamaesyce glyptosperma 1
Stephanomeria sp. 1
Erigonium nudum 1

Sisymbrium altissimam 1
Eriogonum baileyi 1
Erigonium umbellatum 1
Collomia grandiflora 1 1
Gilia sinuate 1 1
Pterospora andromedea 1
Ribes cereum 5
Ceanothus velatinus 1
Arctostaphylos navadensis 1
Delphenium sp. 1
Nicotiana attenuata 1
Chaenaetis douglasii 1
Achillea milifolium 1
Castilleja sp. 1
Bromus carinatus 1
Cryptantha sp. 1 Elevation for all sites at which P. cookei was found ranged from 1,107 m to 1,408 m.
Verbascum thapsus 1
Disturbance, evident from tire tracks and crushed vegetation, was observed at all sites that had P. cookei present except site 4, which was near railroad tracks.
Delany and Oosen-Avis soil families are found in and round the study sites (USDA/NRCS 2010). They are characterized by a sandy texture and igneous parent material (USDA/NRCS 2010). The mean coarse weight at the volcanic rock pits was much higher than the course weight of potential habitat and historic habitat (Table 5) , because the volcanic rock pits are sources of a rocky roadbed material whereas the historic and potential habitat areas are relatively sandier. In addition, mean pH was lower at volcanic rock pit sites than at potential habitat and historical occurrence sites (Table 5) .
Nonetheless, no significant differences were detected among sites surveyed for any of the soil characteristics we measured (Table 5 ). Historical sites with and without P. cookei did not differ significantly, so they were grouped for analysis. The lack of distinction among sites indicates that soil is not limiting the distribution of P. cookei, at least within its known geographical range 
Germination Results
Viability Testing. A high percentage of seeds stained positive for enzyme activity following the tetrazolium test (positive test observed in 89%, 90%, and 93% of seeds respectively, from populations 1,4, and 6/7), suggesting relatively high levels of seed viability.
Germination Experiment 1. We found no significant differences in percentage germination among any of the population by treatment combinations (H = 0.07, P = 0.9), so we combined data across populations for subsequent analyses to increase out power to detect treatment effects. Nonetheless we found no difference in percent germination between the two germination temperature cycles (5/25˚C vs. 5/30˚C) (H = 0.20, P = 0.66; Table 6 ) or among scarification times in acid (H = 2.39, P = 0.50; Table 6 ) (we note, however, that 15 min treatment was destroying the seeds). We also found that difference in percentage germination between the acid-only versus the acid-and-cold-stratification treatments statistically insignificant (H = 0.15, P = 0.70; Table 6 ). When we compared all ten treatment combinations there was no significant difference among treatments (H = 11.40, P= 0.6).
Germination Experiment 2. We found no significant differences in percentage germination among any of the population by treatment combinations (H = 0.17 to 2.51, P = 0.3 to 0.9; Table 7 ), so we combined data across populations for subsequent analyses to increase our power to detect treatment effects.
Percentage germination was not affected by after-ripening treatment (H = 1.42, P = 0.50; Table 7 ) or length of cold stratification (H = 0.03, P = 0.87; Table 7 ). Percent germination was higher among seeds that were exposed to a 5/25˚C temperature cycle than those in the 2/10˚C temperature cycle (H = 7.41, P = 0.01; Table 7 ).
We observed no germination under the following conditions: (1) 8 weeks cold stratification /germinated at 2/10, (2) 12 weeks of cold stratification/ germinated at 2/10˚C, (3) warm after-ripening/8 weeks cold stratification/germinated at 2/10˚C, (4) hot after-ripening/8 weeks cold stratification/ germinated at 2/10˚C, and (5) hot afterripening/12 weeks cold stratification/ germinated at 2/10˚C.
Allozyme Variation
Seventeen of the 19 putative allozyme loci we resolved were monomorphic (Table 8) .
Only DIA and MNR were polymorphic. Both DIA and MNR stain for a varied group of cookei, and thus we treated them as distinct loci. All populations had 10.53% polymorphic loci. The mean number of alleles at each population was 1.16. The effective number of alleles for populations 1, 4, and 6/7 was 1.06, 1.13, and 1.14 respectively. The effective number of alleles did not deviate significantly from the mean number of alleles.
Chi-squared goodness of fit tests indicated that allele frequencies (DIA  2 = 1.99, df = 1, and P = 0.2) (MNR  2 = 7.24, df = 3, and P = 0.06) did not significantly deviate from
Hardy-Weinberg equilibrium.
Individual-locus estimates of inbreeding (F IS ) were negative for MNR, and the mean for all populations ( 
Germination
The Horner-Till (1982) thesis reported that radicles emerged from 60-75% of P.
cookei seeds when seeds were soaked in water, the ends of the seeds nicked, and the seeds were incubated for two weeks in a cycle of 1˚C for 12 hours followed by 10˚C for 12 hours. Using 1% 2,3,5-triphenyl tetrazolium, a test for enzyme activity, we observed viability as high as 93%.
Seed dormancy in P. cookei was not strongly affected by our physical (scarification) our physiological (stratification and afterripening) treatments, suggesting it may have multiple dormancy cues which have yet to be tested or non-cue responsive dormancy or (Meyer 2006) . Non-cue responsive dormancy is a condition in which seeds are programmed to persist in the seed bank by not responding to physical and physiological dormancy breaking cues (Meyer 2006) . Seeds exhibiting non-cue responsive dormancy can be a challenging to propagate from seed, so in situ conservation measures are more likely to be successful. We found, on the other hand, that the 5/25˚C temperature cycle produced significantly higher germination rates than the 2/10˚C temperature cycle. These temperatures are similar to the field temperatures reported by Horner-Till (1982) , and may provide guidance for expanding the range into uncolonized, but apparently suitable habitat.
Allozyme Variation
Overall, isozyme variation was very low, which suggests P. cookei harbors limited population genetic diversity. This is consistent with the predictions of Hamrick and Godt (1989) , who indicate that endemic, short-lived, selfing dicots with gravity dispersed seed are expected to have low amounts of genetic diversity. Phacelia cookei, which has all of these traits, has very low amounts of genetic diversity.
The populations are very similar genetically (low F ST ), so there appears to be little concern for disrupting locally adapted genotypes if land managers dispersed seeds among populations or used them to colonize new sites. Population sizes could be expected to vary substantially from year to year, so if seeds are collected for this purpose, the number of seeds harvested from each population should be proportionate to the population size.
Our estimates of population genetic variation may have been low in part because samples of P. cookei tissue were collected only during one field season. Plants with small populations can maintain genetic diversity through a genetically diverse seed bank, so plants growing during one season may not be representative of the total genetic diversity of populations, including both living plants and dormant seeds (Del Castillo 1994; Harrison et al., in press ). However, our sample sizes from populations 1 and 4 (50 individuals each) were adequate to sample at least some rare alleles across the 19 loci resolved, and the populations in that year contained several hundred individuals.
Seventeen of those loci appeared to be fixed. Therefore, it is unlikely that sampling across multiple years (Ellstrand and Elam 1993; Cabin et al. 1998; McCue and Holtsford 1998) would result in much additional population variation. Nonetheless, since sampling across years may increase the probability of mining rare alleles, new populations established in suitable habitat should be seeded across multiple years to maximize the evolutionary potential of each population established. Hamrick (1983) surveyed the relationship between geographical range to allozyme variability ( Table 7) . As the geographic range increases the total allelic diversity, the mean diversity within populations, and population differentiation increases (Table 10 ).
Phacelia cookei's H t and H s are significantly lower than those reported for endemic plants by Hamrick (1983) . Very low diversity at the population level indicated decreased evolutionary potential, which could pose a challenge for population persistence in the future.
The closest known relative to P. cookei is Phacelia suaveolens keckii (Walden 2010) .
Phacelia suaveolens keckii is an annual endemic to the Santa Ana Mountains that grows on volcanic soils in chaparral and Knobcone pine communities (Stephenson and Calcaron 1999) . After fire has occurred Phacelia suaveolens keckii populations have been documented to increase in size (Stephenson and Calcaron 1999) . Horner-Till (1982) documented the fire history of the area and speculated about the relationship between fire and P. cookei. Investigations into the role of fire and other sources of disturbance in P.
cookei habitat should be conducted to determine if these are beneficial to population growth. Perhaps the main management challenge that we identified concerns low population genetic variation, which may limit the ability of this species to adapt to future environmental perturbations.
Phacelia cookei will require site-specific management because it is narrowly endemic, has small population sizes, and specialized life history requirements. Seeds should be harvested and used to create new populations in situ because P. cookei seeds germinate at low levels in the lab and are challenging to grow in a green house (M.E.
Patterson, personal observation). The soil test for nutrients, texture, and pH did not show significant differences between sites with and without P. cookei, which suggests that endemism may not caused by edaphic limitations.
Since the Horner-Till study (1982) 
